Recently, there has been a demand for lead (Pb)-free solders for use in the electronics industry. However, this poses a challenge in their practical applications because the main component of typical Pb-free solders is tin (Sn) and therefore these solders are prone to oxidize easily. In this paper, we propose a novel technique for the reduction of oxides of the powder which is the raw material of Pb-free solders, and which has Sn as its main component using NH 3 decomposed species generated using a hot-wire (HW) method. It is confirmed that the tin oxide can be reduced by this treatment and the re-oxidation of the solder is also suppressed. Moreover, it is also confirmed that this treatment is effective in controlling the particle size of the Pb-free solder. Further, we clarify that the activation energy of the reduction of the tin oxide is almost zero by this process is almost zero, which indicates that the temperature dependence of the reduction is low.
Introduction
Lead (Pb)-containing solder alloys have long been used as solder materials for the interconnection of microelectronic devices. The popularity of these solder alloys is primarily due to their low cost, good wettability, and high strength, which ensures a high interconnection reliability during long-term use. However, due to the inherent toxicity of Pb and Pb-containing compounds, the reduction of the Pb-containing compounds is strongly demanded in the electronics industry. [1] Therefore, serious efforts are being made to develop a suitable Pb-free alternative that can replace the conventional Sn-Pb eutectic solder. [2] However, typical Pb-free solders are tin (Sn) alloys and these solders are prone to oxidize easily. Furthermore, the resultant oxide causes problems such as a decrease in wettability and the generation of whiskers. [3, 4] Therefore, a flux is used to remove the oxides and improve the wetability of the solder.
The application of the flux, however, may lead to the generation of its residue. This residue adds to the global environmental load. [5] Therefore, the use of a fluxless soldering process that have been subjected to plasma treatment has been proposed. [6] In this paper, we propose the elimination of carbonrelated contaminations from the surface of the raw material powder of Pb-free solders by using hydrogen radicals.
The hydrogen radicals are generated by a hot-wire (HW) decomposition of NH 3 or H 2 . This method can effectively reduce the amount of oxides of various metals, [7] the carbon contaminations on metals, [8] and photoresist removal, [9] even at low substrate temperatures. Figure 1 shows a schematic diagram of the HW apparatus used for the generation of ammonium or hydrogen radicals. NH 3 or H 2 gas was used as the reduction gas and introduced into the system at a flow rate of 50 sccm. A Sn substrate and Pb-free solder with the composition of Sn-96.5 mass% Cu-3.0 mass% Ag-0.5 mass% were placed in a vacuum chamber; the back pressure inside the chamber was below 2.0 × 10 -5 Torr. The Pb-free solder powder was adhered to the substrate (10 mm × 10 mm) using carbon tape. The typical conditions under which the reduction was carried out are shown in Table 1 The characterization of the surface conditions of the Sn substrate and the Pb-free solder was carried out using Xrays photoelectron spectroscopy (XPS) measurements using monochromatic Mg-Kα radiation with emission angle of 90°. In addition, the Pb-free solder powder was observed at various points in the chamber using an optical microscope (HIROX, KH-3000). Figure 2 shows the XPS spectra of Sn(3d5/2) before and after NH 3 treatment for 5 min at various temperatures of the Sn substrate. Here, we used Sn substrates instead of the Pb-free solder powder for the experiment to make handling of the sample and control of the substrate temperature better. After the oxide reduction process, the intensity of the Sn-O peak (486.7 eV) decreased at all substrate temperatures, and simultaneously, the Sn-Sn (484.9 eV) peak appeared. This result implies that the ammonia species reduced the oxide layer present on the Sn surface. From these spectra, the thickness of the oxide layer was calculated using the following equation [7] :
Experimental

Results and Discussion
Reduction of the oxide layer on the Sn surface
Here, d is the thickness of the oxide layer, λ Sn is the photoelectron escape depth of the Sn surface, λ O is the photoelectron escape depth of the Sn oxide layer, θ is the photoelectron take off angle, δ Sn is the photoelectron emission cross-section of the Sn substrate, δ O is the photoelec- Gas pressure (Torr) 0.03
the relationship between the oxide reduction rate and the reciprocal of the substrate temperature (Arrhenius plot).
The activation energy was found to be as small as 3.0 × 10 -2 eV. This result implies that the Sn-O reduction rate is independent of the substrate temperature. In addition, we obtained almost the same results using H 2 instead of NH 3 .
Therefore, it may be possible that hydrogen radicals in the NH 3 -decomposed species reduce the oxide.
Reduction of the oxide layer in the powder of
Pb-free solder Here, is the average diameter of the particle size, x i is the diameter of the individual particle size and n is the number of samples.
We confirmed that, with appropriate time, this treatment was effective in maintaining the powder size of Pb-free solder at a particular value. The substrate temperature was varied between 25 and 60°C. We confirmed that more than 20 days after treatment, the thickness of the oxide layer in the Pb-free solder powder is lower than that before treatment.
Therefore, we confirmed that the re-oxidation of the Pbfree solder is suppressed by our proposed cleaning process. We think that the hydrogen radicals cover with the solder after treatment, which prevents the oxidation of the solder.
Conclusion
The reduction of oxides of Sn in an Sn substrate and Pbfree solder by NH 3 -decomposed species, that is, by hydrogen radicals, was investigated.
The results of this study can be summarized as follows.
(1) The hydrogen radicals are effective for the reduction Sn oxide.
(2) Sn oxide in the Sn substrate and Pb free solder are reduced, and their re-oxidation was also sup- 
